Increases in intraglomerular pressure are known to predispose to the development of glomerular sclerosis, which is characterized by accumulation of extracellular matrix within the glomerulus. Glomerular mesangial cells are exposed to pulsatile capillary pressures and are a potential target for mechanical stress. In the present studies, we subjected cultured rat mesangial cells to continuous cycles of stretching and relaxation (stretch/relaxation) and examined alterations in extracellular matrix gene expression.
Introduction
Expansion of the mesangium, due to proliferation or hypertrophy of mesangial cells and an increase in extracellular matrix, is a common finding in most progressive renal diseases. Expanded mesangium and sclerotic glomeruli contain normal mesangial matrix components, including type IV collagen, laminin, and heparan sulfate proteoglycan, as well as types I and III collagens, which are not normally present in glomerular matrix (1) (2) (3) . Accumulation of extracellular matrix components occurs as the result of an increase in production of normal and/or abnormal matrix components or a decrease in matrix degradation. Matrix-degrading metalloproteinases are regulated at the level of synthesis and precursor activation, and by the inhibitors of metalloproteinases, tissue inhibitor of metalloproteinases (TIMP) 1 (4, 5) . In the kidney, glomerular hypertrophy and the ultimate development of sclerosis and glomerular obsolescence are associated with pathophysiologic conditions such as diabetes mellitus or loss of functioning renal mass (6) . In noninflammatory states, increased glomerular and tubulointerstitial matrix production occur in association with elevations in glomerular capillary pressure and glomerular filtration rate. It has not been elucidated whether glomerulosclerosis occurs as a direct result of the increased intraglomerular pressure or as a secondary response to increased intraglomerular angiotensin II, and/or cytokines or growth factors such as IL-1, TGF-␤ , PDGF, and EGF (7, 8) . Accumulating evidence indicates a preeminent role for TGF-␤ in the accumulation of extracellular mesangial matrix (7, 9, 10) , and an important role of TGF-␤ in the accumulation of extracellular matrix in glomerulonephritis was demonstrated by Okuda et al. and Border et al. (10) (11) (12) . Recently, Isaka et al. (13) have shown that in vivo transfection of TGF-␤ 1 in the kidney resulted in an expansion of mesangial matrix. TGF-␤ has effects not only on the rate of extracellular matrix synthesis, but also on the expression of metalloproteinase, TIMPs, and extracellular matrix receptors on cells (14) .
Since increases in glomerular filtration rate and glomerular capillary pressure are associated with conditions that predispose to the development of these glomerular abnormalities, it has also been hypothesized that the increased mechanical tension generated by elevated glomerular filtration rate and glomerular capillary pressure might itself be a primary cause of the glomerular deterioration. Studies by Brenner (15) have suggested that the increased mechanical tension generated by elevated glomerular filtration rates and glomerular capillary pressure is a primary cause of the glomerular deterioration. Mesangial cells and glomerular basement membrane have extensive interconnections, and mesangial cells are exposed to the high pulsatile glomerular capillary pressures necessary to sustain normal glomerular filtration rate (16) . Thus, mesangial cells may be a primary target within the glomerulus for the increased mechanical stress that may initiate the development of glomerular abnormalities.
There has been increasing interest in the role of physical factors in the regulation of structure and function of cardiac and smooth muscle cells (17, 18) and mesangial cells (19) (20) (21) (22) . In previous studies, we and others have demonstrated that continuous cycles of stretch and relaxation (stretch/relaxation) induce increased production of proteins, especially extracellular matrix proteins (19) (20) (21) (22) . However, the mechanisms involved in the induction of increased matrix synthesis by mesangial cells are incompletely understood. The present studies were designed to examine the effect of mechanical stretch/relaxation upon alterations in extracellular matrix synthesis by cultured rat mesangial cells and to determine whether alterations in TGF-␤ expression precede any alterations in production of matrix components.
Methods
Materials. [ ␣ -32 P]CTP (3,000 Ci/mmol) was from DuPont-NEN (Boston, MA). The cDNA probes used for Northern blot analysis were as follows: 1.3 kb Pst1-BamH1 fragment of p ␣ 1R1 for rat ␣ 1(I) collagen (23), 2.2 kb PvuII fragment of pRGR5 for rat pro-␣ 1(III) collagen (24) , 0.62 kb PstI-PvuII fragment of pCV-1-C87 for mouse ␣ 1(IV) collagen (25) , 0.27 kb HindIII-EcoRI fragment of p-SR270 for rat fibronectin (26), 1.3 kb EcoRI fragment of HL-40 for human laminin, B1 polypeptide (27), 2.1 kb EcoRI fragment of human matrix metalloproteinase 2 (MMP-2) (28), 0.6 kb EcoRI fragment of human tissue inhibitor of metalloproteinase 2 (TIMP-2), 3.9 kb the XbaI fragment of pTZ for human TIMP-1 (29), and 2.0 kb EcoRI fragment of hTGF ␤ -2 for human TGF-␤ 1 (30) . The plasmids that contain the untranslated 5 Ј regions of the mouse ␣ 1(I) collagen gene linked to chloramphenicol acetyltransferase gene, pG 70, pG 100, and pG 60 were the generous gift of Dr. B. de Crombrugghe (31) . The untranslated 5 Ј regions of the mouse ␣ 1(I) collagen gene were excised from the plasmid pG 70 ( Ϫ 2.4 K to ϩ 116 base), pG 100 ( Ϫ 900 to ϩ 116 base) and pG 60 ( Ϫ 222 to ϩ 116 base), and linked upstream to a luciferase reporter gene in pGL2 basic (Promega Corp., Madison, WI), producing pGL 2.4, pGL 0.9, and pGL 0.22, respectively. Primary antibodies used in these experiments were rabbit anti-rat type I collagen, rabbit anti-rat type III collagen, rabbit anti-collagen type IV extracted from murine EHS tumor (Pasteur Inst., Lyon, France), rabbit anti-rat fibronectin (Calbiochem Corp., La Jolla, CA), rabbit anti-laminin extracted from murine EHS tumor (Sigma Chemical Co., St. Louis, MO) and anti-TGF-␤ 1 antibody (R&D Systems, Inc., Minneapolis, MN). Biotinylated goat anti-rabbit IgG and avidin-fluorescin were from Pierce Chemical Co. (Rockford, IL).
Cell culture. Rat glomerular mesangial cells were cultured and maintained in RPMI 1640 supplemented with 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 mg/ml) at 37 Њ C in 95% air/5% CO 2 atmosphere, as described previously (32) . All experiments were carried out on cells of passages 5-10.
Application of continuous cycles of stretch/relaxation. Stretch/relaxation of mesangial cells was accomplished as described previously (19) (20) (21) . Briefly, mesangial cells were plated onto six-well plates with either a flexible or rigid bottom coated with bovine type I collagen (Flexcell Corp., McKeesport, PA). Cells were grown to confluence and rendered quiescent by incubation for 2 d in RPMI supplemented with 0.4% fetal bovine serum. Cells grown on the flexible surface were exposed to cycles of stretching and relaxation using a computerdriven, vacuum-operated, stress-providing instrument (Flexercell Strain Unit 100B; Flexcell Corp.). Cultures were exposed to continuous cycles of stretch/relaxation, with each cycle consisting of 2 s of stretching and 2 s of relaxation. The vacuum induced 9-12% elongation in the diameter of the surface. In selected plates, 30 g/ml of a neutralizing polyclonal rabbit anti-TGF-␤ 1 antibody (R&D Systems, Inc.) was added before institution of mechanical stretching.
RNA isolation and Northern analysis. Total RNA from the cells at various times after initiation of stretch/relaxation was isolated by the acid guanidium thiocyanate-phenol-chloroform method (33) . Samples of RNA, each consisting of 7.5 g, were subjected to electrophoresis in denaturing 1% agarose/2.2 M formaldehyde gels in 20 mM MOPS and transferred overnight by capillary blotting in 10 ϫ SSC (1.5 M NaCl, 0.15 M sodium citrate, pH 7.0) to nylon membranes (S&S Nytran plus; Schleicher & Schuell, Inc., Keene, NH). RNA was fixed to the membrane by exposing to ultraviolet light (GS Gene Linker UV Chamber; Bio-Rad Laboratories, Hercules, CA.) Blots were prehybridized for 4 h at 42 Њ C in 30% formamide for fibronectin, laminin, MMP-2, TIMP-2, and TGF-␤ 1 probe, or 50% formamide for ␣ 1(I), ␣ 1(III), and ␣ (IV) collagen, 0.1% SDS, 50 mM NaH 2 PO 4 (pH 7.0), 5 ϫ Denhardt's solution (0.1% bovine serum albumin, Ficoll, and polyvinylpyrrolidine), 100 g/ml salmon sperm DNA, and 5 ϫ SSC. Blots were hybridized with 2-5 ϫ 10 6 cpm/ml of 32 P-labeled cDNA overnight at 42 Њ C in a fresh hybridization buffer. Hybridization buffer was the same as the prehybridization buffer except for the addition of 10% dextran sulfate. The cDNA probes were labeled to at least 10 8 cpm/mg by the random priming procedure using commercially available kits (Amersham Corp., Arlington Heights, IL). The membranes were washed in 2 ϫ SSC, 0.1% SDS for 20 min at room temperature, followed by two washes in 0.2 ϫ SSC, 0.1% SDS for 20 min at 65 Њ C, and exposed to X-Omat AR film (Eastman Kodak Co., Rochester, NY) at Ϫ 70 Њ C with an intensifying screen. To normalize mRNA content, blots were stripped and reprobed with a human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA (Clontech, Palo Alto, CA), using the conditions of labeling, hybridization, and wash as described above. The levels of transcript were quantitated by densitometry (Hoefer Scientific Instruments, San Francisco, CA) and normalized to the amount of GAPDH.
Immunostaining. Mesangial cells were plated at a density of 5 ϫ 10 4 /well onto rigid or flexible bottom plates. 2 d after seeding, cells were rendered quiescent for 48 h in RPMI with 0.4% FBS, and then subjected to stretch/relaxation for 48 h in the same medium. Cells were washed twice with PBS and fixed with 95% ethanol for 30 min at Ϫ 20 Њ C, then blocked with rabbit serum in PBS, followed by two washes with PBS. Cells were then incubated with primary antibody against specific extracellular matrix component for 1 h at 37 Њ C. After three washes with PBS, cells were incubated with biotinylated antirabbit antibody for 1 h at 37 Њ C. Cells were then washed five times with PBS and incubated with 20 g/ml avidin-fluorescin in 10 mM Hepes, 0.15 M NaCl, pH 7.5, for 30 min at 37 Њ C, and washed twice with PBS, mounted and examined by fluorescent microscopy.
The concentration of antibodies used in these experiments were: 1:50 dilution of antibodies against types I, III, and IV collagens, 1:100 dilution of anti-TGF-␤ , 1:200 dilution of antilaminin and 1:400 dilution of antifibronectin.
Gelatin-substrate enzymography. Changes in the release of gelatin-degrading proteinase by stretch/relaxation in mesangial cells were examined by gelatin-substrate enzymography according to the method of Heussen and Dowdle (34) . Briefly, aliquots of conditioned medium (RPMI ϩ 0.4% FCS) were harvested at various time intervals from either stretch/relaxation or control wells and centrifuged to remove debris. 20 l of conditioned medium were solubilized in nonreducing buffer and electrophoresed in 10% SDS-polyacrylamide gel containing 0.1% gelatin. After electrophoresis, SDS was removed from the gel by 2.5% Triton X-100 washes. The gel was then washed in 50 mM Tris-HCl, pH 7.6, containing 5 mM CaCl 2 , 0.2 M NaCl, and 0.25% Brij-35, and incubated in the same buffer at 37 Њ C overnight. The presence of gelatinase activity was detected by determining zones of lysis after Coomassie Brilliant Blue staining. Gelatinolytic activity was detected as clear bands against aqua blue-stained gelatin background.
Transfection and luciferase assay. The calcium-phosphate precipitation method was used for transfection. Cells were seeded on either flexible or rigid bottom plates at a density of 0.5 ϫ 10 5 cells/well. 48 h after seeding, medium was changed to 0.4 ml/well of Dulbecco minimum essential medium supplemented with 0.4% FBS, and 40 l of calcium phosphate precipitate containing 1.0 g of the plasmid was added. 4 h after addition of the precipitates, the medium was aspirated and 10% glycerol in Hepes buffered saline (pH 7.05) was added for 1 min. Cells were washed with HBSS, and incubated for an additional 24 h in RPMI with 0.4% FBS. Cells on the flexible plates were subjected to cycles of stretch/relaxation for another 24 h and cell lysates of each well were harvested. Cell harvest and measurement of luciferase activity were performed using a commercially available kit (Promega Corp.). For the standardization of the transfection efficiency, 0.5 g/well of pRSVcat, which has the SV40 enhancer and early promoter sequences, were cotransfected as a control. CAT activities in the cell lysates were measured according to the methods of Nordeen et al. (35) .
Determination of TGF-␤ in conditioned media of mesangial cells exposed to mechanical stretch/relaxation. TGF-␤ in conditioned media (RPMI ϩ 0.4% FCS) of mesangial cells was determined using the mink lung epithelial cell (MV1 Lu; American Type Culture Collection, Rockville, MD) assay (36, 37) . Human recombinant TGF-␤ 1 (R&D Systems, Inc.) was used to generate a standard curve. In this assay, MV1 Lu cells were plated at 3.5 ϫ 10 4 cells/well on 24-well plates in RPMI 1640 supplemented with 10% FCS and cultured for 48 h. The media was then changed to "mesangial cell-conditioned media," consisting of 100 l of conditioned media for mesangial cells exposed Figure 2 . Northern blot analysis of RNA extracted from the cells subjected to stretch/relaxation using cDNA probe for ␣1(I), ␣1(III), and ␣1(IV) collagens. Membranes were stripped and reprobed with GAPDH cDNA. to 3, 6, 12, or 24 h of mechanical stretching or equivalent timed controls ϩ 150 l of fresh RPMI ϩ 10% FCS. For some samples, conditioned media was also treated with 10 N HCl to achieve a pH Ͻ 2.0 for 30 min, followed by neutralization with NaOH to convert latent TGF-␤ to its active form. A subset of samples were preincubated for 30 min at room temperature with a polyclonal rabbit anti-TGF-␤1 antibody (30 g/ml) before addition to the cells.
The MV1 Lu cells were incubated for 22 h, 1 Ci/well [ 3 H]thymidine was added and the cells were incubated for an additional 2 h before washing with ice cold PBS ϫ 2 and incubating with ice-cold 10% TCA for 30 min ϫ 2. The cells were then dissolved in 60 l of 0.5% SDS, 0.2 N NaOH and radioactivity was determined in a scintillation counter.
Statistical analysis. All values are presented as meanϮSEM, and unpaired Student's t test was used for statistical analysis. Differences were considered significant when P Ͻ 0.05.
Results
Change in extracellular matrix components. Quiescent mesangial cells were exposed to stretch/relaxation for 48 h and components of extracellular matrix were detected by immunostaining using fluorescence-labeled antibodies against types I, III, and IV collagen. Immunofluorescence of types I, III, and IV collagen was increased after 48 h of stretch/relaxation compared with the control cells incubated without stretch/relaxation (Fig. 1 a) . The intensity of immunostaining of fibronectin and laminin was also increased by stretch relaxation compared with control (Fig. 1 b) . As we have previously reported, subjecting mesangial cells to continuous stretch/relaxation causes alterations in cell morphology from the normal stellate pattern to a straplike appearance, and the cells align themselves with their long axis perpendicular to the direction of stress. As can be seen in Fig. 1 , both morphological changes and immunofluorescent intensity were more prominent in the cells at the periphery compared with the cells in the center or midperipheral portion of the culture well.
Using cDNA probes, we measured the steady state mRNA levels of types I, III, and IV collagens, laminin, and fibronectin. Figs. 2 and 3 show the results of Northern blot analyses of total RNA isolated from mesangial cells subjected to stretch/relaxation for the indicated times. Exposure of mesangial cells to cycles of stretch/relaxation caused time-dependent increases in mRNA levels of all of these matrix components. The ␣1(IV) collagen mRNA level increased within 1 h after initiating stretch/relaxation and reached maximal levels within 12 h (132Ϯ3.4% of control at 12 h, n ϭ 6, P Ͻ 0.05). The ␣1(I) and ␣1(III) collagen mRNA levels also reached maximal levels within 12 h (140Ϯ3.1% of control at 12 h, n ϭ 6, P Ͻ 0.05 and 152Ϯ5.0% of control at 12 h, n ϭ 6, P Ͻ 0.05, respectively). Fibronectin and laminin mRNA levels reached maximal levels within 6-12 h (171Ϯ3.5% of control at 12 h, n ϭ 6, P Ͻ 0.05 and 169Ϯ5.2% of control at 12 h, n ϭ 6, P Ͻ 0.05, respectively). Expression of the 1.4-kb mRNA for the housekeeping gene, GAPDH, was unaffected during the course of these experiments.
To determine whether the stretch/relaxation-induced increases in type I collagen mRNA expression involved stimulation of promoter activity, mesangial cells were transfected with constructs of varying lengths of the 5Ј untranslated region of the murine ␣1(I) collagen gene linked to a luciferase reporter gene. Fig. 4 shows the relative increase in luciferase activities induced by 24 h of stretch/relaxation in mesangial cells transfected with pGL 0.22, pGL 0.9, and pGL 2.4, and normalized to CAT activity. The luciferase activities in cells subjected to stretch/relaxation were significantly increased compared with the cells without stretch/relaxation (336.3Ϯ11.5% for pGL Change in gelatinolytic activity. Gelatinolytic activities were observed in the conditioned media of quiescent cells. In rat mesangial cells, the major gelatinolytic activity at 68 kD is produced by the 72 kD MMP-2 (38, 39), and in our experiments, a major zone of gelatinolytic activity was observed at 68 kD (Fig.  5 ). This 68-kD gelatinolytic activity in conditioned media from the control cells increased progressively with time. In the conditioned media from cells subjected to continuous cycles of stretch/relaxation, gelatinolytic activity was decreased compared with the control at corresponding time points from 6 through 48 h. However, at 72 h the conditioned media of the stretch/relaxation group demonstrated greater activity than control.
A specific cDNA probe to the MMP-2 detected a transcript of 3.1 kb, a size appropriate to MMP-2. The mRNA level of MMP-2 decreased significantly at 6 h (78Ϯ3.4% of control at 6 h, n ϭ 6, P Ͻ 0.05) and then increased after 24 h of stretch/relaxation (131Ϯ4.9% of control at 48 h, n ϭ 6, P Ͻ 0.05) (Fig.  6) . Two mRNA species, 1.0 and 3.5 kb in size, were recognized by TIMP-2 cDNA. Expression of the 3.5-kb band increased in a time-dependent manner in response to stretch/relaxation, with maximal increases seen at 48 h. The level of expression of the 1.0-kb band was not altered by stretch/relaxation. No expression of TIMP-1 could be noted in cultured mesangial cells.
Changes in TGF-␤1. Since TGF-␤ has been shown to exert potent effects on regulation of extracellular matrix, we also examined expression of immunoreactive TGF-␤1. Immunostaining of TGF-␤ indicated no detectable changes in the staining pattern between control and 12-h stretch/relaxation, but a significant increase in staining was observed after 48 h of stretch/relaxation (Fig. 7) , with the greatest staining present at the periphery. The observed timing of increases in mRNA levels of TGF-␤1 occurred after the initial increases in mRNA levels of matrix component genes (Fig. 8) . There was no significant change in TGF-␤1 mRNA levels by 12 h of stretch/relaxation; however, significant increases were observed by 24 h, with maximal increases seen at 48 h (148Ϯ7.8% of control, n ϭ 5, P Ͻ 0.05).
To determine whether active TGF-␤ was released as an early event in response to mechanical stretching, TGF-␤ activity in conditioned media from control cells or cells exposed to stretch/relaxation for 3, 6, or 12 h was assayed using the mink lung epithelial cell bioassay (see Methods). In this assay, rhTGF-␤1 produced a concentration-dependent decrease in 142Ϯ42%; 12 h stretch/relaxation, 166Ϯ44%; n ϭ 5, NS for all time points). In two experiments, conditioned media were also treated with HCl to convert any latent TGF-␤ to its active form (see Methods), but no consistent differences between conditioned media from control and stretched cells were noted. Although there was a trend for neutralizing anti-TGF-␤1 antibody to increase [ 3 H]thymidine incorporation, there were no significant differences between control and stretched mesangial cells (percent nonantibody treatment, control vs stretch/relaxation: 3 h, 223Ϯ61 vs 160Ϯ40%; 6 h, 217Ϯ59 vs 133Ϯ41%; 12 h, 220Ϯ46 vs 126Ϯ40%, n ϭ 5, NS).
As a further determination of the potential role of TGF-␤ in the mediation of the early increases in extracellular matrix production by mesangial cells in response to stretch/relaxation, mesangial cells were incubated with the neutralizing anti-TGF-␤1 antibody (30 g/ml) and subjected to mechanical stretching for 12 h. Compared with control cells, steady state ␣1(I) collagen mRNA levels, normalized to GAPDH expression was 170Ϯ20% of control (n ϭ 5, P Ͻ 0.05). Simultaneous incubation with anti-TGF-␤1 antibody did not significantly decrease the increased steady state mRNA levels in response to stretch/relaxation (125Ϯ20% of non-antibody treated, NS).
Discussion
In the present studies, we examined the effects of repeated cycles of stretch/relaxation of mesangial cells upon the expression of the genes for extracellular matrix components. Stretch/ relaxation-induced time-dependent increases in steady state mRNA levels of types I, III, and IV collagens, fibronectin, and laminin. Floege et al. (2) have shown in 5/6 nephrectomized rats that the progressive accumulation of mesangial matrix is accompanied by only a 20-50% increase in expression of matrix components mRNA. Therefore, although the relative increases of mRNA levels in the present study were small, it appears likely that these increases induced by stretch/relaxation reflected overproduction of these matrix components in mesangial cells.
These results established that mechanical stretch/relaxation increased the steady state transcript levels of extracellular matrix genes. Such modulation of gene expression may be achieved either by transcriptional activation or posttranscriptional stabilization of the mRNA. Further insight into alterations of extracellular matrix gene expression was obtained by transient transfection studies with the ␣1(I) collagen promoter linked to a luciferase reporter gene. We prepared three constructs with different lengths of 5Ј flanking region of ␣1(I) collagen. 24 h of stretch/relaxation induced significant increases in promoter activity, indicating that increases in mRNA levels of ␣1(I) collagen by stretch/relaxation were due at least in part to transcriptional activation. Since the increase in luciferase activity was most pronounced in the cells transfected with plasmid containing Ϫ222 to ϩ116 of ␣1(I) collagen promoter, this region most likely contains the positive response elements required for transcriptional activation in mesangial cells. This finding is consistent with results of transient transfection studies in NIH-3T3 fibroblasts, which revealed only negative regulatory elements upstream from Ϫ222 bp in the mouse ␣1(I) promoter (31) . However, it is known that collagen type ␣1(I) also has transcriptional regulatory sites in the first intron (40- Figure 6 . Densitometric analysis of RNA extracted from the cells subjected to stretch/relaxation using cDNA probe for MMP-2 (᭹) and TIMP-2 (ᮀ) and normalized to GAPDH expression (n ϭ 6). 42) and tissue-specific regulators at a far upstream 5Ј flanking region and in the 3Ј flanking region (43, 44) . Therefore, it is possible that other regulatory sites mediating gene transcription in response to stretch/relaxation also exist.
Immunofluorescent staining of extracellular matrix proteins also increased concomitantly with gene expression after stretch/relaxation. As we previously described (20) , cell morphology was changed from a normal stellate pattern to a straplike appearance at the periphery. Intensity of staining and morphological changes were more prominent in cells at the periphery compared with the cells in the center or midperipheral portion of the culture well. Since stretching of the cells was greater at the periphery, these results indicate that greater mechanical deformation caused greater production of matrix components.
Gelatinolytic activity in the conditioned medium of mesangial cells induced by stretch/relaxation showed biphasic changes compared with that of control. This was accompanied by concomitant changes in MMP-2 mRNA. In the first 24 h after initiation of stretch/relaxation, both gelatinolytic activities and MMP-2 mRNA levels were significantly decreased. In contrast, stretch/relaxation increased TIMP-2 expression in mesangial cells, as shown by analysis of TIMP-2 mRNA. Since activity of MMP-2 is dependent on both the MMP-2 level and the TIMP-2 level, the net effect of initiation of stretch/relaxation was an initial decrease in matrix-degrading activity. Thus, in mesangial cells, stretch/relaxation induced increases in production of matrix components and decreases in matrixdegrading activity in the first 24 h. After more prolonged periods of stretch/relaxation, increases in both MMP-2 mRNA levels and gelatinolytic activity were noted.
There was a significant increase in TGF-␤1 mRNA levels in mesangial cells after 24 h of stretch/relaxation, accompanied by increased immunostaining for TGF-␤ at 48 h. TGF-␤1 has been recognized to exert a wide variety of effects on extracellular matrix production in cultured cells and tissue. Generally, TGF-␤ induces a net accumulation of extracellular matrix. However, in the present studies it would appear unlikely that all of the increases in matrix component genes by stretch/relaxation were secondary to increased production of TGF-␤1. TGF-␤ has previously been shown to increase MMP-2 gene expression and synthesis of MMP-2 in mesangial cells (45) (46) (47) , and the initial decrease in MMP-2 mRNA expression in response to stretch/relaxation would not be consistent with a TGF-␤-mediated event, although the later increases in mRNA level of MMP-2 after 48 h of stretch/relaxation may be the result of the increased TGF-␤1. In addition, although TGF-␤ increases both the mRNA levels and the synthesis of TIMP-1 (45, 48), Kawanishi et al. (49) failed to detect a significant stimulatory effect of TGF-␤1 on TIMP-2 mRNA expression in mesangial cells. Therefore, it is possible that the initial increases in TIMP-2 mRNA levels were also TGF-␤ independent.
In the mink lung epithelial cell assay, we were not able to detect differences in TGF-␤ activity in conditioned media between control cells and cells subjected to 3, 6, or 12 h of stretch/relaxation. Furthermore, an anti-TGF-␤1 neutralizing antibody failed to block the early (12 h) increases in steady state ␣1(I) collagen mRNA levels. These results do not provide evidence for a crucial role for the early (Ͻ 12 h) alterations in the extracellular matrix in response to stretch/relaxation, although it remains possible that the large standard errors observed would preclude determination of statistically significant differences. Our findings also do not completely rule out the possibility that there is local release and autocrine/ paracrine actions of TGF-␤ in response to stretch/relaxation, or that other TGF-␤ species (TGF-␤2 or 3) are involved.
Recent in vivo studies in the rat remnant kidney have also indicated that initial alterations in matrix accumulation may precede increases in local TGF-␤ expression (50) . In the 5/6 nephrectomy model, significant increases in type IV collagen mRNA were detected 14 d after renal ablation in glomerular endothelial, mesangial, and epithelial cells. In contrast, signifi- cant increases in TGF-␤1 mRNA expression were not noted until day 24 and were initially localized to endothelial cells and mesangial cells of capillary loops at the vascular pole that demonstrated the greatest dilatation (50) . In these studies, increased angiotensinogen mRNA expression colocalized with TGF-␤ mRNA expression, and Kagami et al. (37) demonstrated that angiotensin II induced glomerular TGF-␤ expression, indicating that increased local glomerular production of angiotensin II may mediate TGF-␤ production and progression of the sclerotic lesion. In this regard, we have recently found that in cultured mesangial cells, mechanical deformation induced angiotensinogen activity and increased type 1 angiotensin II receptor levels (Becker, B.N., T. Yasuda, S. Kondo, S. Vishnaith, T. Homma, and R.C. Harris. Manuscript submitted for publication).
In conclusion, mechanical stress led to matrix accumulation in cultured mesangial cells by increasing synthesis and decreasing degradation of matrix components. These alterations may be mediated by both induction and suppression of gene expression of specific components of the matrix regulatory system. The observed induction of TGF-␤1 suggests it plays an important role in matrix accumulation occurring in response to continued stretch/relaxation, but does not initiate the initial alterations in extracellular matrix in response to mechanical stress. We conclude that increased gene and protein expression of extracellular matrix by mesangial cells in response to altered mechanical forces may contribute to the development of sclerosis.
